P. gingivalis バイオフィルムに対する太陽電池付与酸化チタン半導体電動歯ブラシの有効性 by 平井 直樹
1 
 
Efficacy of a solar-powered TiO2 semiconductor electric 1 
toothbrush on P. gingivalis biofilm 2 
 3 
*Takenori Sato, DDS, PHD, *Naoki Hirai, DDS, Yasuhiro Oishi, DDS, PHD, 4 
Gerry Uswak, DMD, MPH, Kunio Komiyama, DDS, PHD & Nobushiro Hamada, 5 





Correspondence: Dr. Nobushiro Hamada,  11 
Department of Microbiology,  12 
Kanagawa Dental University,  13 
82 Inaoka-cho, Yokosuka 238-8580, Japan.  14 
Phone & Fax: +81-46-822-8867 15 
E-mail: hamada@kdu.ac.jp 16 
 17 









Purpose: To reveal the efficacy of a solar-powered TiO2 semiconductor electric 2 
toothbrush on Porphyromonas gingivalis biofilm.  3 
Methods: P. gingivalis cells were cultivated on sterilized coverslips under anaerobic 4 
conditions and were used as a biofilm. To evaluate the efficacy of the solar-powered 5 
TiO2 electric toothbrush on the P. gingivalis biofilm, the bacterial cell biofilm 6 
coverslips were placed into sterilized phosphate buffered saline (PBS) and brushed for 1 7 
minute. Following mechanical brushing, the coverslips were stained with 1% crystal 8 
violet (CV) for 10 seconds at room temperature. The efficacy of P. gingivalis biofilm 9 
removal by the solar-powered TiO2 electric toothbrush was measured through the 10 
absorbance of the CV-stained solution containing the removed biofilm at 595 nm. The 11 
antimicrobial effect of the solar-powered TiO2 semiconductor was evaluated by the P. 12 
gingivalis bacterial count in PBS by blacklight irradiation for 0 to 60 minutes at a 13 
distance of 7 cm. The electrical current though the solar-powered TiO2 semiconductor 14 
was measured by a digital multimeter. The biofilm removal by the solar-powered TiO2 15 
semiconductor was also evaluated by scanning electron microscopy (SEM). 16 
Results: The biofilm removal rate of the solar-powered TiO2 electric toothbrush was 17 
90.1 ± 1.4%, which was 1.3-fold greater than that of non-solar-powered electric 18 
toothbrushes. The solar-powered TiO2 semiconductor significantly decreased P. 19 
gingivalis cells and biofilm microbial activity in a time-dependent manner (P< 0.01). 20 
The electrical current passing through the solar-powered TiO2 semiconductor was 70.5 21 
± 0.1 µA, which was a 27-fold higher intensity than the non-solar-powered brush. SEM 22 
analysis revealed that solar-powered TiO2 semiconductor caused a biofilm disruption 23 




Clinical Significance: P. gingivalis biofilm removal by the solar-powered electric 2 
toothbrush was significantly greater than that by the non-solar-powered electric 3 
toothbrush and the electric control brush. TiO2 semiconductors within the solar-powered 4 
electric toothbrush can enhance the antimicrobial activity against an oral biofilm and 5 
contribute to the elimination of periodontal pathogens. 6 
 7 
Introduction 8 
Dental plaque is a multispecies biofilm that grows on the hard and soft tissues of the 9 
oral cavity. Biofilms consist of bacterial cells embedded in an exopolysaccharide. Over 10 
500 species of bacteria have been identified in the oral cavity, all of which have been 11 
shown to trigger periodontal diseases.1 Periodontal diseases are chronic inflammatory 12 
diseases characterized by alveolar bone loss and connective tissue destruction.2 13 
Porphyromonas gingivalis is a Gram-negative anaerobic rod frequently isolated from 14 
human periodontal pockets,3 and is known to invade and survive in host cells, inducing 15 
a network of inflammatory responses.4 Moreover, it has been implicated in multiple 16 
systemic diseases.5 Therefore, this bacterium is considered an important target organism 17 
in the prevention of periodontal and systemic diseases.  18 
Microbial biofilms have an inherent mechanism that protects microorganisms from 19 
the host’s immune system and antimicrobial therapies. Mechanical removal methods are 20 
effective in the destruction of biofilms.6 A good toothbrush is an essential tool in the 21 
removal of biofilms and maintaining good oral health. Electric toothbrushes use rotating, 22 
oscillating, or sonic action that achieve plaque removal primarily through direct 23 
physical contact between the bristles and the tooth surface.7,8 Several studies have 24 
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demonstrated that electric toothbrushes are effective for plaque removal and reduction 1 
of gingival inflammation.7-10 Recently, a new electric toothbrush has been introduced 2 
for the improvement of plaque removal efficacy. This electric toothbrush has a 3 
solar-powered titanium oxide (TiO2) semiconductor. TiO2 is a chemically stable, 4 
non-toxic, biocompatible, and inexpensive material with a very high dielectric constant 5 
and interesting photocatalytic activities.11 TiO2 photocatalysts have been demonstrated 6 
to exert bactericidal effects12-15 and biofilm reduction15,16 by ultraviolet (UV) light 7 
activation. However, the UV light is damaging to human eyes and skin,17 which limits 8 
the use of TiO2 under UV light in the home environment.18 Several studies have 9 
reported an increased antimicrobial activity of TiO2 by fluorescent light (FL) 10 
irradiation.19-21 These results show that low UV light emitted by FL irradiation activates 11 
TiO2 and induces bacterial growth inhibition by the TiO2 photocatalyst. 12 
The purpose of this study was investigated the efficacy of P. gingivalis biofilm 13 
removal using the solar-powered TiO2 electric toothbrush in the presence of FL 14 
irradiation. In addition, the antimicrobial activity and biofilm removal by the 15 
solar-powered TiO2 semiconductor was evaluated against P. gingivalis cells in the 16 
presence of UV irradiation. 17 
 18 
Materials and methods 19 
Bacterial cultures and growth conditions 20 
P. gingivalis ATCC 33277 was grown in brain heart infusion (BHIa) broth 21 
supplemented with yeast extract (5 mg/mL), hemin (5 µg/mL), and vitamin K1 (0.2 22 
µg/mL). Bacterial cells were grown under anaerobic conditions (85% N2, 10% H2, and 23 




Electric toothbrushes and semiconductors 2 
The solar-powered TiO2 electric toothbrush was used with a device (Soladey 3 
Rhythmb). An electric toothbrush connected to a stainless semiconductor was used as 4 
the electric control brush. To evaluate the antibacterial activity and biofilm removal 5 
efficacy of the semiconductors, an electrode (3.0 mm in diameter × 68 mm in length) 6 
comprising a TiO2 rod, a stainless steel rod, and a solar battery was used as the 7 
solar-powered TiO2 semiconductor. The stainless steel semiconductor used as control 8 
semiconductor consisted of stainless steel rods and a solar battery; however, the entire 9 
battery was covered with aluminum foil to inactivate the solar power. 10 
 11 
Biofilm removal of the solar-powered TiO2 electric toothbrush 12 
Bacterial cells were grown on 24-well polystyrene plates with the sterilized 13 
coverslip at 37°C for 18 hours anaerobically. Following incubation, the coverslips were 14 
washed twice with PBS and brushed with the solar-powered TiO2 electric toothbrush for 15 
1 minute under fluorescent light irradiationc (6W, 505 LUX). Following mechanical 16 
brushing, the coverslips were stained with 1% crystal violet (CV). The biofilm removal 17 
ability was evaluated through the absorbance of the CV-stained solution containing the 18 
removed biofilm at an optical density of 595 nm. The results are expressed as the mean 19 
± standard deviation (SD) of triplicate samples. 20 
 21 
Antimicrobial activity of the solar-powered TiO2 semiconductor 22 
Bacterial suspensions (1.2 × 108 CFU/mL) were placed into polystyrene tubes. The 23 
solar-powered TiO2 semiconductor was placed in sterilized phosphate buffered saline 24 
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(PBS) and was irradiation with a blacklightd (369 nm, 6 W) for 0 to 60 minutes at a 1 
distance of 7 cm. Bacterial suspensions were serially diluted and plated on BHI blood 2 
agar plates, and incubated anaerobically at 37°C for 7 days. After 7 days, antimicrobial 3 
activity was determined by counting the numbers of P. gingivalis cells. The electrical 4 
current of electrodes in the several solutions was measured with a digital multimeter. e 5 
The results are expressed as the mean ± standard deviation (SD) of triplicate samples. 6 
 7 
Biofilm removal effect of the solar-powered TiO2 semiconductor 8 
P. gingivalis biofilm was prepared in 24-well polystyrene plates by inoculating an 9 
overnight starter culture. After incubation for 18 hours, non-adherent cells were 10 
removed by washing with PBS, and fresh PBS was then added into the biofilm-attached 11 
wells. The TiO2 electrode and stainless electrode were placed into the wells and 12 
irradiation with a blacklight for 0 to 60 minutes at a distance of 7 cm. Bacterial 13 
suspensions following biofilm removal were scored at an optical density at 550 nm. The 14 
results are expressed as the mean ± standard deviation (SD) of triplicate samples. 15 
 16 
SEM evaluation of biofilms removed by the solar-powered TiO2 semiconductor 17 
The round plastic coverslipf (15 mm in diameter) was placed in the well for the 18 
bacterial biofilm to grow on them. The biofilm coverslips were then washed with PBS 19 
and fixed overnight in 2% freshly prepared cold (4°C) glutaraldehyde in 0.2 M 20 
phosphate buffer (pH 7.2). For scanning electron microscopy, P. gingivalis biofilms 21 
were fixed in a 2.5% glutaraldehyde solution in 0.2 M cacodylate buffer (pH 7.2) for 1 22 
hour. After rinsing and dehydration through a graded series of aqueous ethanol solutions, 23 
the biofilm was critical point-dried and mounted on copper stubs. Finally, it was coated 24 
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with a thin layer of platinum and observed using a JSM-6301F SEM.g 1 
 2 
Statistical analysis 3 
Differences among experimental groups were analyzed by one-way analysis of 4 




Table 1 shows the efficacy of the solar-powered TiO2 electric toothbrush on P. 9 
gingivalis biofilms. The efficacy of biofilm removal using the solar-powered TiO2 10 
electric toothbrush was significantly increased compared to those of the 11 
non-solar-powered TiO2 electric toothbrush and the electric control brush (P< 0.01). The 12 
percentage of biofilm removal by the solar-powered electric toothbrush was 90.1 ± 13 
1.4%, whereas the removal efficacies of the non-solar-powered brush and the electric 14 
control brush were 71.7 ± 3.9% and 44.2 ± 2.5%, respectively. Figure 1 shows the 15 
bactericidal effect of the solar-powered TiO2 semiconductor against P. gingivalis cells. 16 
The electrical current of the solar-powered TiO2 semiconductor was 70.5 ± 0.1 µA, 17 
which was 27 times more intense than that of the non-solar-powered semiconductor. 18 
The electrical current of the control semiconductor was 1.1 µA. The number of P. 19 
gingivalis cells was significantly decreased by the solar-powered TiO2 semiconductor in 20 
a time-dependent manner (P< 0.01). The number of P. gingivalis cells decreased 74.5%, 21 
which was enhanced by the solar-powered TiO2 semiconductor after 60 minutes. Figure 22 
2 shows the removal efficacy of the solar-powered TiO2 semiconductor on P. gingivalis 23 
biofilm. The biofilm was also removed by the solar-powered TiO2 semiconductor in a 24 
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time-dependent manner. Following treatment for 60 minutes, the efficacy of biofilm 1 
removal by the solar-powered TiO2 semiconductor was 6.3-fold greater than that by the 2 
control semiconductor. Figure 3 shows SEM photomicrographs of P. gingivalis biofilms 3 
untreated and treated with the solar-powered TiO2 semiconductor. Following incubation 4 
for 24 hours, P. gingivalis formed a thick biofilm on the coverslips (Figure 3A). 5 
Nevertheless, when the P. gingivalis biofilm was exposed to the solar-powered TiO2 6 
semiconductor, it broke down and was shown to release cytoplasmic and nuclear 7 
materials (Figure 3B). 8 
 9 
Discussion 10 
The TiO2 semiconductor used in this study comprised rutile, which is a TiO2 11 
crystalline structure with a smaller band gap and excitation wavelengths that extend into 12 
the visible light range.16 The photocatalytic action of rutile crystals has been reported to 13 
be less than that of anatase crystals. However, rutile crystals are characterized by the 14 
greatest stable physical chemical property11 and the lowest cell toxicity.22,23 Thus, rutile 15 
crystals are used in cosmetics, sunscreen, and food additives.  16 
In this study, the TiO2 semiconductor connects with the neck of the toothbrush. 17 
Hoover et al.24 found that a manual toothbrush with a solar-powered TiO2 18 
semiconductor has improved plaque reduction compared to an electric control brush 19 
without a semiconductor. The authors concluded that the reduction in plaque was due to 20 
the photocatalytic effects in the presence of UV light. The antimicrobial effects of TiO2 21 
photocatalysts under UV light irradiation are considered to be caused by reactive 22 
oxygen species (ROS) released from the TiO2 surface.14-16 ROS attack the outer 23 
membrane of bacterial cells, induce oxidative stress, and lead to cell death. In previous 24 
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studies on the solar-powered TiO2 electric toothbrush 24,25, the electrons, which are 1 
released from the TiO2 semiconductor in contact with saliva in the presence of light, 2 
attract positive ions from the organic acid in the dental plaque and promote the 3 
reduction of plaque formation. It is hypothesized that the solar panel (light source), TiO2 4 
rod, and saliva form an electrical circuit on the tooth surface. The ionic reactions shown 5 
below have been stipulated. 6 
H+ + O2 + e– = HO2  2H+ + 2e− = H2  7 
2HO2 = H2O2 + O2     H2O2 = 2HO  8 
In this study, SEM analysis revealed that the solar-powered TiO2 photocatalyst 9 
induced the destruction of the P. gingivalis biofilm and release of cellular materials from 10 
the outer membrane under UV light irradiation. These results demonstrate that UV light 11 
irradiation stimulates the production of ROS from the TiO2 semiconductor and induces 12 
the destruction of the P. gingivalis biofilm. 13 
In contrast, the low electrical current enhances antimicrobial effects26,27 and inhibits 14 
bacterial growth.28 These antibacterial activity mechanisms are considered to be due to 15 
the electric current changing the bacterial cell surface polarity, inducing electrostatic 16 
and electrophoretic forces and desorption of the negatively charged bacterial cell 17 
surface.27 Moreover, the low electrical current has no side effects against the human 18 
body,29 increases the concentration of adenosine triphosphate in soft tissue,30 and 19 
promotes anti-inflammatory effects31 and wound healing.32 Thus, the TiO2 photocatalyst 20 
properties and the low electric current increase the efficacy of oral biofilm mechanical 21 
removal. 22 
The present study has been shown that the mechanical effects by the electric 23 
toothbrush and chemical reactions induced by the TiO2 semiconductor effectively 24 
10 
 
remove the P. gingivalis biofilm. P. gingivalis biofilm removal by the solar-powered 1 
electric toothbrush was significantly greater than that by the non-solar-powered electric 2 
toothbrush and the electric control brush. The TiO2 photocatalytic properties and 3 
electric current contribute to the reduction of bacterial biofilms and aid in the prevention 4 
of periodontal diseases. Therefore, the solar-powered TiO2 electric toothbrush is an 5 
effective device for oral hygiene. 6 
 7 
Disclosure statement: None of the authors had any financial links with the company 8 
products used in this study. The authors declare no conflicts of interest. This study was 9 
supported by Grant-in-Aid for Scientific Research (C) No. 26462801 from the Japan 10 
Society for the Promotion of Science. 11 
 12 
 13 
Dr. Sato, Dr. Hirai, and Dr. Oishi are researchers at the Department of Microbiology, 14 
Kanagawa Dental University Graduate School, Yokosuka, Kanagawa, Japan. Dr. Uswak 15 
is Dean and Dr. Komiyama is Professor Emeritus at the College of Dentistry, University 16 
of Saskatchewan, Saskatoon, Saskatchewan, Canada. Dr. Hamada is a Professor at the 17 
Department of Microbiology, Kanagawa Dental University Graduate School, Yokosuka, 18 
Kanagawa, Japan. 19 
 20 
a.   Difco-BD, Sparks, MD, USA. 21 
b.   SHIKEN, Co., Ltd., Osaka, Japan. 22 
c.   HITACHI, Tokyo, Japan. 23 
d.   HITACHI, Tokyo, Japan. 24 
11 
 
e.   MOTHERTOOL, Nagano, Japan. 1 
f.   Nunc, Inc., IL, USA. 2 

























1. Socransky SS, Haffajee AD. Dental biofilms: difficult therapeutic targets.  2 
Periodontol 2000 2002; 28: 12-55. 3 
2. Graves DT, Li J, Cochran DL. Inflammation and uncoupling as mechanisms of 4 
periodontal bone loss. J Dent Res 2011; 90: 143-153. 5 
3. Ximénez-Fyvie LA, Haffajee AD, Socransky SS. Comparison of the microbiota of 6 
supra- and subgingival plaque in health and periodontitis. J Clin Periodontol 2000; 7 
27: 648-657. 8 
4. Hajishengallis G. Porphyromonas gingivalis-host interactions: open war or 9 
intelligent guerilla tactics? Microbes Infect 2009; 11: 637-645. 10 
5. Maddi A, Scannapieco FA. Oral biofilms, oral and periodontal infections, and 11 
systemic disease. Am J Dent 2013; 26: 249-254. 12 
6. Cancro LP, Fischman SL. The expected effect on oral health of dental plaque 13 
control though mechanical removal. Periodontol 2000 1995; 8: 60-74. 14 
7. Penick C. Power toothbrushes: a critical review. Int J Dent Hyg 2004; 2: 40-44. 15 
8. Heasman PA, McCracken GI. Powered toothbrushes: a review of clinical trials. J 16 
Clin Periodontol 1999; 26: 407-420. 17 
9. Baab DA, Johnson RH. The effect of a new electric toothbrush on supragingival 18 
plaque and gingivitis. J Periodontol 1989; 60: 336-341. 19 
10. Johnson BD, McInnes C. Clinical evaluation of the efficacy and safety of a new 20 
sonic toothbrush. J Periodontol 1994; 65: 692-697. 21 
11. Banerjee AN. The design, fabrication, and photocatalytic utility of nanostructured 22 
semiconductors: focus on TiO2-based nanostructures. Nanotechnol Sci Appl 2011; 23 
4: 35-65. 24 
13 
 
12. Maness PC, Smolinski S, Blake DM, Huang Z, Wolfrum EJ, Jacoby WA. 1 
Bactericidal activity of photocatalytic TiO2 reaction: toward an understanding of its 2 
killing mechanism. Appl Environ Microbiol 1999; 65: 4094-4098. 3 
13. Kim BH, Kim D, Cho DL, Lim SH, Yoo SY, Kook JK, Cho YI, Ohk SH, Ko YM. 4 
Sterilization effects of a TiO2 photocatalytic film against a Streptococcus mutans 5 
culture. Biotechnol Bioprocess Eng 2007; 12: 136-139. 6 
14. Hashimoto K, Irie H and Fujishima A. TiO2 Photocatalysis: A historical overview 7 
and future prospects. Jpn J Appl Phys 2005; 44: 8269-8285. 8 
15. Foster HA, Ditta IB, Varghese S, Steele A. Photocatalytic disinfection using 9 
titanium dioxide: spectrum and mechanism of antimicrobial activity. Appl 10 
Microbiol Biotechnol 2011; 90: 1847-1868. 11 
16. Visai L, De Nardo L, Punta C, Melone L, Cigada A, Imbriani M, Arciola CR. 12 
Titanium oxide antibacterial surfaces in biomedical devices. Int J Artif Organs 13 
2011; 34: 929-946. 14 
17. Gallagher RP, Lee TK. Adverse effects of ultraviolet radiation: a brief review. Prog 15 
Biophys Mol Biol 2006; 92: 119-131. 16 
18. Egerton TA. Does photoelectrocatalysis by TiO2 work? J Chem Technol Biotechnol 17 
2011; 86: 1024-1031. 18 
19. Dai ZM, Burgeth G, Parrino F, Kisch H. Visible light photocatalysis by a 19 
Titania–Rhodium (III) complex. J Organomet Chem 2009; 694: 1049-1054. 20 
20. Tseng YH, Sun DS, Wu WS, Chan H, Syue MS, Ho HC, Chang HH. Antibacterial 21 
performance of nanoscaled visible-light responsive platinum-containing titania 22 
photocatalyst in vitro and in vivo. Biochim Biophys Acta 2013; 1830: 3787-3795. 23 
21. Zuccheri T, Colonna M, Stefanini I, Santini C, Gioia DD. Bactericidal activity of 24 
14 
 
aqueous acrylic paint dispersion for wooden substrates based on TiO2 nanoparticles 1 
activated by fluorescent light. Materials 2013; 6: 3270-3283. 2 
22. Sayes CM, Wahi R, Kurian PA, Liu Y, West JL, Ausman KD, Warheit DB, Colvin 3 
VL. Correlating nanoscale titania structure with toxicity: a cytotoxicity and 4 
inflammatory response study with human dermal fibroblasts and human lung 5 
epithelial cells. Toxicol Sci 2006; 92: 174-185. 6 
23. Numano T, Xu J, Futakuchi M, Fukamachi K, Alexander DB, Furukawa F, Kanno J, 7 
Hirose A, Tsuda H, Suzui M. Comparative study of toxic effects of anatase and 8 
rutile type nanosized titanium dioxide particles in vivo and in vitro. Asian Pac J 9 
Cancer Prev 2014; 15: 929-935. 10 
24. Hoover JN, Singer DL, Pahwa P, Komiyama K. Clinical evaluation of a light 11 
energy conversion toothbrush. J Clin Periodontol 1992; 19: 434-436. 12 
25. Rahman KA, Nishimura M, Matsumura S, Rodis OMM, Shimono T. Inhibition of 13 
the adhesive ability of Streptococcus mutans on hydroxyapatite pellet using a 14 
toothbrush equipped with TiO2 semiconductor and solar panel. Ped Dent J 2010; 15 
20: 16-20. 16 
26. Wattanakaroon W, Stewart PS. Electrical enhancement of Streptococcus gordonii 17 
biofilm killing by gentamicin. Arch Oral Biol 2000; 45: 167-171. 18 
27. Poortinga AT, Smit J, van der Mei HC, Busscher HJ. Electric field induced 19 
desorption of bacteria from a conditioning film covered substratum. Biotechnol 20 
Bioeng 2001; 76: 395-399. 21 
28. Zituni D, Schütt-Gerowitt H, Kopp M, Krönke M, Addicks K, Hoffmann C, 22 
Hellmich M, Faber F, Niedermeier W. The growth of Staphylococcus aureus and 23 
Escherichia coli in low-direct current electric fields. Int J Oral Sci 2014; 6: 7-14. 24 
15 
 
29. Lee JW, Yoon SW, Kim TH, Park SJ. The effects of microcurrents on inflammatory 1 
reaction induced by ultraviolet irradiation. J Phys Ther Sci 2011; 23: 693-696. 2 
30. Cheng N, Van Hoof H, Bockx E, Hoogmartens MJ, Mulier JC, De Dijcker FJ, 3 
Sansen WM, De Loecker W. The effects of electric currents on ATP generation, 4 
protein synthesis, and membrane transport of rat skin. Clin Orthop Relat Res 1982; 5 
171: 264-272. 6 
31. Odell RH Jr, Sorgnard RE. Anti-inflammatory effects of electronic signal treatment. 7 
Pain Physician 2008; 11: 891-907. 8 
32. Balakatounis KC, Angoules AG. Low-intensity electrical stimulation in wound 9 
healing: review of the efficacy of externally applied currents resembling the current 10 
















Figure legends 1 
Fig. 1. Bactericidal effect of the solar-powered TiO2 semiconductor against P. gingivalis 2 
cells. The data are expressed as the mean ± standard deviation in triplicate samples. 3 
Circle, control semiconductor; Square, non-solar-powered TiO2 semiconductor; Triangle, 4 
solar-powered TiO2 semiconductor. *Indicates statistical significance of P< 0.01. 5 
 6 
Fig. 2. The efficacy of the solar-powered TiO2 semiconductor on P. gingivalis biofilm. 7 
Each point on the curves is the average optical density (O.D.) at 550 nm on a 8 
logarithmic scale measured in triplicate samples. The error bars are expressed as 9 
standard deviation. Circle, control semiconductor; Square, non-solar-powered TiO2 10 
semiconductor; Triangle, solar-powered TiO2 semiconductor. *Indicates statistical 11 
significance of P< 0.01. 12 
 13 
Fig. 3. Scanning electron photomicrographs of P. gingivalis biofilm untreated and 14 











Fig. 1. Bactericidal effect of the solar-powered TiO2
semiconductor against P. gingivalis cells. The data are
expressed as the mean± standard deviation in triplicate
samples. Circle, control semiconductor; Square, non-
solar-powered TiO2 semiconductor; Triangle, solar-
powered TiO2 semiconductor. *Indicates statistical
significance of P< 0.01.
Fig. 2. The efficacy of the solar-powered TiO2
semiconductor on P. gingivalis biofilm. Each point
on the curves is the average optical density (O.D.)
at 550 nm on a logarithmic scale measured in
triplicate samples. The error bars are expressed as
standard deviation. Circle, control semiconductor;
Square, non-solar-powered TiO2 semiconductor;
Triangle, solar-powered TiO2 semiconductor.
*Indicates statistical significance of P< 0.01.
Fig. 3. Scanning electron photomicrographs of P. gingivalis
biofilm untreated and treated with the solar-powered TiO2
semiconductor. The scale bars indicate 2 µm.
